Angiotensin II, infused intravenously, increased plasma aldosterone concentration in two of six uephric subjects taking tbeir usaal dietary quantities of sodium. After 3 days of dietary sodhim restriction and weight-reducing henodialysis, the aldosterone response to infused angiotensin II in the two previously reactive subjects was enhanced, while the four previously unreacthre subjects also showed a rise n plasma aldosteroae. Before and after sodium depletion the anephric subjects were less responsive than •ormal sabjects. Even when sodhun-depleted, the aaephrics showed ao further rise in plasma aktosterooe when arterial plasma angiotensin II was increased by infusion to concentrations > 50-100 pg/ml, in contrast to sodium-depleted normals who show progressive aldosterone responses with plasma angiotensin II concentrations up to at least 370 pg/ml. Before the infusion of angiotensin II, arterial plasma renin, angiotemin II, and aldosterone were detectable in the anephrics, but were unchanged by dietary sodhim restriction or weightreducing bcmodialysis. Sodiam depletion caused significant falls in weight, plasma sodium, and blood pressare, bat no changes in plasma potassium or cortisoL Increases in blood pressure in relation to increments of arterial plasma angiotensm II were uaaffected by sodium depletion, as might be expected in the absence of a rise in endogenous angiotensin II.
opportunity to study possible alterations in the sensitivity of the adrenal cortex to angiotensin II in the presence of sodium depletion and in the absence of variations in endogenous renin or angiotensin II.
Several previous authors have suggested that, following bilateral nephrectomy, despite a normal rise in plasma cortisol after ACTH administration, the response of plasma aldosterone to angiotensin II is reduced""" or abolished. 14 -"•_" Such phenomena might represent the converse of the trophic effect of prolonged angiotensin 11 administration. Interpretation of these reports is difficult for several reasons. Angiotensin II usually has been given at a single dose rate and, as we have discussed, 81 such experiments do not permit the distinction between changes in threshold and changes in slope of the dose-response curve. In none of these early studies have plasma angiotensin 11 concentrations been measured. Moreover, the state of sodium and potassium balance often has been unclear.
In the present study we examined the angiotensin 11/ aldosterone and angiotensin II/pressor dose-response relationships by giving a series of incremental infusions of angiotensin II before and after sodium depletion in anephric subjects. We compared the results to those of similar experiments performed under varying conditions of controlled sodium and potassium balance in normal man. 4 -8 -_ 10 184 CIRCULATION RESEARCH VOL. 39, No. 2, AUGUST 1976 Methods All experimental procedures were approved by the Ethical Supervisory Committee of the Western Infirmary, Glasgow. Informed consent was obtained from the six subjects, none of whom suffered adverse effects or complained of unusual symptoms during the study. Details of the subjects' status are given in Table 1 . All were taking a slightly reduced quantity of dietary sodium, as is customary with regular dialysis treatment. In all instances their usual dietary intake of sodium and potassium was continued after admission to the ward for the 1st day of the experiment. One subject (no. 2, Table 1 ) was taking an oral contraceptive containing 0.05 mg estrogen/3 mg progestagen (Controvlar, Schering) throughout the experimental study. None of the other subjects was receiving medication apart from supplementary oral vitamin and iron preparations.
On day 1 the first hemodialysis was performed with a Cordis-Dow Mark 4 hollow-fiber artificial kidney; dialysis fluid sodium concentration was 133 mEq/liter; potassium, 2.0 mEq/liter. A low transmembrane pressure (5-10 cm H,O) was used to achieve minimal sodium and water removal. On day 2 the first incremental angiotensin II infusion was carried out, after which dietary sodium intake was reduced to between 10 and 17 mEq daily. Potassium and protein intake were maintained at the original level. On day 4 the second hemodialysis was performed. On this occasion a high transmembrane pressure (20-30 cm H,O) was used to achieve maximal sodium and water removal; dialysis fluid composition was as for the first hemodialysis. Heparin (10,000-14,000 U) was administered intravenously during each hemodialysis, which lasted 6-8 hours. Immediately before hemodialysis was started on day 4, an arterial blood sample was taken to assess biochemical changes during the second hemodialysis. The second incremental angiotensin II infusion was administered on day 5.
The incremental angiotensin infusions were started between 8 and 9 a.m. after the subjects had fasted and lain supine for 8-12 hours. Throughout the infusions the subjects lay quietly, without sleeping, in an isolated room. Initially, 5% dextrose was given intravenously at a rate of 4 ml/hr for 30 minutes; this was followed by graded doses of Asp'-NH,-Val'-angiotcnsin II (Ciba) at 2, 4, and 8 ng/kg per min, each for 60 minutes. In four of the subjects (nos. 3, 4, 5, and 6)
TABLE 1 Clinical and Dietary Data
during the second (sodium-deplete) angiotensin infusion on day 5, an additional dose of 1 ng/kg per min was given for 60 minutes after the control dextrose infusion ( Table 2) . Arterial blood samples were withdrawn for analysis immediately before the end of each infusion period.
Plasma was separated from the arterial samples for measurement of the electrolyte concentrations (Autotechnicon), renin," renin substrate," angiotensin I I , " aldosterone," and cortisol." Arterial blood samples were taken because it has been shown that plasma angiotensin II concentrations can be considerably higher in arterial than in venous blood during angiotensin II infusion."
Blood pressures were measured indirectly with a standard clinical sphygmomanometer and the average of at least five measurements made during the second half of each infusion period was used for the calculations. Mean blood pressure was taken as diastolic pressure + VS of the pulse pressure. Statistical analysis was performed by paired r-test.
Results
Detailed results are presented in Table 2 .
BASAL MEASUREMENTS (BEFORE ANGIOTENSIN II INFUSION)
The accurate quantitative assessment of sodium depletion in anephric subjects undergoing hemodialysis is difficult. Since there is a large volume of dialysis fluid (approximately 200 liters), its accurate measurement presents problems, thus small errors in the measurement of dialysate sodium content are magnified. It is easier to demonstrate qualitative sodium depletion. Significant sodium depletion between the first and second angiotensin II infusions in the present study was assumed on the following evidence: All subjects showed a fall in body weight (P < 0.05), in mean arterial pressure (P <0.05), and in plasma sodium concentration {P < 0.05) when the basal (pre-angiotensin infusion) periods on days 2 and 5 were compared. By contrast, plasma potassium concentration was not significantly altered in these samples.
Before sodium depletion, basal plasma renin concentrations were within the normal range (25-120 /iU / m l ) " in five subjects and undetectable ( < 16 //U/ml) in one. Plasma angiotensin II and aldosterone were within the respective overall normal ranges ( all six subjects (Table 3) . Sodium depletion caused no significant changes in basal plasma renin, angiotensin II, cortisol, or aldosterone concentrations.
Plasma renin substrate was estimated only in the sodiumreplete state (Table 3 ). Values were normal (0.89-1.22 jimol/liter) for all except subjects 2 and 3, in whom increased concentrations were found (5.31 and 2.10 jimol/ liter, respectively).
EFFECT OF WEIGHT-LOWERING HEMODIALYSIS
There were no significant differences in the concentrations of plasma angiotensin II and aldosterone in the arterial samples taken on days 4 and 5, i.e., before and after the second hemodialysis.
EFFECT OF ANGIOTENSIN II INFUSIONS
Plasma Angiotensin II. The mean arterial plasma angiotensin II concentrations at each dose were not significantly different before and after sodium depletion. Doubling the infusion rate roughly doubled the plasma angiotensin II concentration at each increment.
Plasma Aldosterone. Before sodium depletion, four subjects showed little or no rise in plasma aldosterone concentration, even at the highest angiotensin II infusion rates, which produced arterial plasma angiotensin II levels 7-10 times the normal upper limit. (In subject 3, the basal value of 7.1 ng/100 ml seemed possibly to be spuriously high. This sample was reextracted and assayed, the result being 6.8 ng/100 ml.) In the remaining two subjects (nos. 1 and 5), a linear increase in plasma aldosterone concentration was apparent with increasing arterial plasma angiotensin II levels ( Fig. 1) . Even in the two clearly responsive subjects, however, the changes in plasma aldosterone were less for a given arterial plasma angiotensin II concentration than had been found previously in all except one of a series of sodium-replete normal subjects. 4 
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After sodium depletion, on day 5, one anephric subject (no.3 ), showed only a marginal response to angiotensin II infusion; in each of the remaining five, however, plasma aldosterone clearly increased during the administration of angiotensin II. There was no obvious relationship between the aldosterone response to angiotensin II and the interval following bilateral nephrectomy (Table 1) , although the least responsive subject (no. 3) had been anephric for the longest period (5 years).
In all six subjects plasma aldosterone appeared to reach a plateau at an arterial plasma angiotensin II concentration between 50 and 100 pg/ml ( Fig. 1 ). Increasing the arterial plasma angiotensin II concentration to the range 150-320 pg/ml caused no further rise in aldosterone. This contrasted with the results before sodium depletion in the two subjects (nos. 1 and 5) who were responsive. In these a continuing rise in plasma aldosterone was seen with increasing plasma angiotensin II concentrations to 365 and 232 pg/ml, respectively ( Fig. I and Table 3 ). Sodium-depleted normal subjects similarly have been found 6 to have progressive increases in plasma aldosterone, with arterial plasma angiotensin II concentrations up to 373 pg/ml, during angiotensin II infusions; basal (preinfusion) arterial angiotensin II levels in these sodium-depleted normals ranged from 28 to 85 pg/ml. Thus in the anephric subjects the dose-response curves after sodium depletion were lower and flatter than in all except one of the sodium-depleted normal subjects studied previously. 4 -d -J° Nevertheless, in the anephric subjects, as in normal subjects, sodium depletion clearly sensitized the adrenal cortex to angiotensin II. In the present experiments, at each dose rate of angiotensin II which was given in both situations (2, 4 , and 8 ng/kg per min), plasma aldosterone was higher after sodium depletion than before in every subject (respectively, P <0.02, <0.05, and <0.01; overall, P < 0.001).
In agreement with our earlier observations, 1 * in the 
R -sodium-replete; D -sodium-depleted.
Immediately before the sodium-depleting dialysis plasma angiotensin II concentrations for subjects 2 -6 were 44, 27, 11, 13, and 14 pg/ml, respectively (mean, 21.8 ± 13.9 SD), and plasma aldosterone concentrations for subjects 2 -6 were 2.0, 1.7, 6.6, 15.6, and 6.7 ng/100 ml, respectively (mean, 6.3 ± 5.6 SD).
* No measurement made. sodium-depleted anephric subjects, at the highest dose of angiotensin II the increments of plasma aldosterone were proportional to the basal (preinfusion) aldosterone level (r -+0.73). With the small numbers studied this was not statistically significant (P > 0.05).
Plasma Cortisol. No significant differences were found in plasma cortisol levels before and after sodium depletion at any of the angiotensin II infusion rates. At infusion rates of 0, 2, 4, and 8 ng/kg per min of angiotensin II, plasma cortisol concentrations were (mean ± SD) 7.7 ± 6.6, 5.4 ± 4.8, 4.5 ± 3.7, and 5.0 =t 3.6 ml 100 ml, respectively, in the sodium-replete state, and 6.3 ± 3.3, 4.8 ± 2.8, 4.9 ± 4.2, and 4.0 ± 4.0 ^g/100 ml, respectively, in the sodium-deplete state.
Changes in Plasma Electrolytes. When only those subjects not showing an obvious aldosterone response to angiotensin II were considered (subjects 2, 3, 4, and 6, first angiotensin infusion; subject 3, second infusion), angiotensin II adminis- 
FIGURE 2 Relationship between changes in plasma sodium and potassium concentrations consequent to angiotensin II administration for subjects who did not show a clear increase in plasma aldosterone (subjects 2, 3, 4, and 6 before sodium depletion; subject 3 after sodium depletion). As plasma sodium decreased, i.e., ANa became more negative (Q), plasma potassium increased, i.e., &K became more positive (®).
tration caused a fall in plasma sodium concentration and a concurrent increase in plasma potassium, with a significant inverse correlation between the changes of sodium and potassium (r = -0.79, P < 0.01) (Fig. 2) . These changes were not observed, however, when angiotensin II produced a clear increase in aldosterone. Arterial Pressure. In the anephric subjects, in contrast to normal subjects,* sodium depletion reduced the basal arterial pressure; consequently, after sodium depletion the blood pressure in all instances was lower for a given plasma angiotensin II level than before. However, increments of blood pressure in relation to increments of arterial plasma angiotensin II were almost identical before and after sodium depletion ( Fig. 3 ), in marked contrast to the diminished pressor response to angiotensin II observed in sodium-depleted normal subjects.*-• 
-
Conversely, when, in the anephric subjects, absolute values of blood pressure were plotted against arterial angiotensin II concentrations, the curve of sodium depletion was shifted significantly downward (t = 5.6; P < 0.001) ( Fig. 4 ).
Discussion
After bilateral nephrectomy, plasma angiotensin II concentrations were measureable in all subjects, and renin concentrations were measurable in five of the six subjects, most of the values being within normal ranges. Angiotensin II levels were highest in the two subjects with raised levels of renin substrate, one of these being the woman taking an oral contraceptive. Many previous studies, employing a variety of techniques, have shown the presence of a renin-like enzyme,"'" together with immunoreactive substances resembling angiotensin I 11 and angiotensin II, 11 -"• " in peripheral blood after bilateral nephrectomy. In this department, chromatography of extracts of plasma from anephric subjects has shown a peak of angiotensin II-like immunoreactive material running at a rate indistinguishable from that of authentic angiotensin II. 10 In those reports in which there has been failure to detect renin or renin activity, 1 *" 10 a possible explanation is the use of relatively insensitive assay methods. Organs other than the kidney in which renin-like enzymes have been found include the uterus, salivary glands, adrenal cortex, arterial walls, and central nervous system. 11 *" Renin could be released from any or all of these into the blood in the anephric subject.
Effective sodium depletion between the first and second angiotensin II infusions in the present experiments was inferred from the combination of weight loss, fall in plasma sodium concentration, and reduction of arterial pressure, although, for the reasons already discussed, the magnitude of this could not be measured accurately. There was no change in the concentrations of renin and angiotensin II after sodium depletion, confirming the earlier finding reported by Yu et al. 1 data obtained before ( • ) and after (O) 
FIGURE 3 Arterial plasma angiotensin II concentrations during angiotensin II infusion plotted on a logarithmic scale against the resultant increment in mean blood pressure (BP). There is no significant difference in the regression lines for

FIGURE 4 Values for mean arterial pressure bejore and during angiotensin II infusion, plotted against concurrent arterial plasma angiotensin II concentrations (log scale). The regression lines for data obtained before ( • ) and after (O) sodium depletion are almost identical in slope, but that after sodium depletion is significantly lower (t -5.6; P < 0.001).
anephric state are unaffected by changes in sodium balance and permit a study of the effects of sodium depletion in the absence of changes in endogenous angiotensin II concentration. The fall in plasma sodium with sodium deprivation in the absence of a change in plasma angiotensin II is noteworthy, as earlier it had been suggested that a rise in angiotensin II might be responsible for this effect." In the present experiments, infused angiotensin II was the Asp'-NH,-Val" form; it has been shown 1 -10 that in man there is no detectable difference in the pressor-and aldosterone-stimulating properties between this and the naturally occurring lieu* form. No evidence was obtained that sodium depletion in the anephric subject altered the metabolic clearance of angiotensin II, in that mean plasma angiotensin II levels were not significantly different before and after sodium depletion at each infusion rate.
Previous observations on normal'-" and anephric man. 14 -) i ' 4° have failed to demonstrate changes in the clearance rate of aldosterone during sodium depletion or angiotensin II infusion, although one study 41 has shown unexpectedly high absolute clearance rates in anephric subjects.
A possible reason for an increase in plasma aldosterone concentration is a reduction in plasma volume. However, basal plasma aldosterone values were not significantly different before and after dietary sodium restriction or before and after weight-reducing hemodialysis (Table 3) . Moreover, a simple effect of a decrease in plasma volume on plasma aldosterone concentration would be a parallel upward shift of the dose-response curve of aldosterone to angiotensin II, and this was not the case (Fig. I) . Thus, the observed changes in plasma aldosterone during angiotensin II administration probably reflected changes in aldosterone secretion rate.
The evidence shows, therefore, that in these anephric subjects, sodium depletion produced sensitization of the adrenocortical aldosterone response to angiotensin II. Since this sensitization occurred in the absence of changes in endogenous angiotensin II, it could not be the result of a trophic action of increased levels of angiotensin II on the adrenal cortex. Although evidence in favor of such a trophic action has been obtained for normal subjects, even then it provides only a partial explanation. 10 At the same time, in the anephric subjects, the adrenocortical response to angiotensin II, both before and after sodium depletion, was less than that of nearly all normal subjects. 4 -•• 10 In all the anephric subjects, there was a maximum plasma aldosterone concentration which was not exceeded despite considerable further elevation of plasma angiotensin II. This difference could be due to loss of a trophic action of angiotensin II, or of some other factor of renal origin. 14 -171° In the anephric subjects the measured levels of endogenous angiotensin II were within the normal range, but it is not clear whether such immunoreactive material is biologically active. Damping of adrenocortical response might also result from damage to the adrenals at the time of bilateral nephrectomy but the relatively normal levels of cortisol argue against this.
Heparin and heparinoids may interfere with aldosterone biosynthesis. 41 -4> However, in studies of three subjects with chronic renal failure undergoing regular hemodialysis but with kidneys remaining, according to the same protocol as in the present studies, we found no impairment of the plasma aldosterone response to angiotensin II either before or after sodium depletion, as compared with normal subjects. 4 -'• 10 Bayard et al. 40 similarly found that heparin administration did not interfere with aldosterone secretion in anephric man. The diminished response of aldosterone to angiotensin II appears to be related to bilateral nephrectomy.
In the present studies we obtained no evidence that the enhanced adrenocortical sensitivity following sodium deprivation was related to changes in ACTH secretion, in that plasma cortisol levels, basal and during angiotensin II administration, were unchanged by alterations in sodium balance. This observation is subject to the important caveat that plasma cortisol may not necessarily reflect changes in ACTH, particularly during angiotensin II administration. 1 *- 44 Plasma potassium concentrations were not significantly different before and after sodium depletion; Cooke et al 4 ' have shown that in anephric man plasma aldosterone concentrations can be affected by changes in plasma potas-sium in the absence of changes in external potassium balance. Plasma sodium concentration was lower following sodium depletion; this, possibly combined with other more subtle effects of sodium depletion on the adrenal gland, might be the factor involved. For instance, Baumber et al. 4i demonstrated that sodium depletion in the dog increased adrenocortical potassium and lowered adrenocortical sodium and suggested that this might be a mechanism influencing aldosterone biosynthesis. However, any such hypothetical effect of sodium balance was not sufficient to elevate mean basal plasma aldosterone concentrations in the present studies. In this respect our findings have not confirmed those of McCaa et al. 47 -4i Our observations in no way exclude the presence of other, as yet unidentified, sensitizing mechanisms.
Healey and colleagues 4 ' recently have shown that the infusion of angiotensin II briefly reduces plasma sodium and increases plasma potassium concentrations in adrenalectomized rabbits. Less marked changes were found in intact or nephrectomized rabbits. Similar but more prolonged alterations occurred here in those subjects whose plasma aldosterone did not increase during angiotensin II infusion, but not when there was an aldosterone response to angiotensin II. Taken together, these two sets ofdata suggest that the effect of angiotensin II on plasma electrolytes is compounded of two opposing actions: a direct and immediate effect of angiotensin II on the cell membrane, possibly a depolarization, leading to efflux of intracellular potassium with influx of sodium; and a second slowly developing countereffect produced by aldosterone. Earlier work by Friedman and Friedman 80 had shown that in isolated tissues angiotensin shifts sodium into and potassium out of vascular smooth muscle cells.
Previous studies in this department have demonstrated that in normal subjects, while the arterial plasma concentration of angiotensin II is within a range capable of affecting blood pressure," most values are at the lower end of the sigmoid pressor dose-response curve.* The present work supports this possibility of a definite, albeit modest, pressor effect of prevailing endogenous angiotensin II. In the anephric subjects, before sodium depletion, blood pressure, and plasma angiotensin II concentration were normal; after sodium depletion plasma angiotensin II concentration did not change and blood pressure fell. This contrasts with the situation in normal man, where sodium depletion leads to a rise in circulating angiotensin II with little or no change of blood pressure. 1 The pressor effect of a given arterial plasma concentration of angiotensin II is known to be diminished by sodium depletion.*• *• "• " Moreover, the present data indicate that the effect of sodium depletion is to alter the absolute level of blood pressure at which an otherwise normal angiotensin II response occurs. Plotting the increment of blood pressure against the prevailing arterial plasma angiotensin II concentration shows no difference between sodium repletion and depletion in the anephric subjects ( Fig.  3) ; however, when absolute levels of arterial pressure are considered, it is seen that there is a parallel downward shift of the angiotensin 11/pressor dose-response curve (Fig. 4) . In contrast, in normal man, sodium depletion causes no difference in basal blood pressure but does produce a parallel shift to the right of the angiotensin 11/blood pressure increment curve. 4 These phenomena may be explained by changes in the availability of angiotensin II receptors. In the intact subject, sodium depletion causes a rise in endogenous plasma angiotensin II concentration, so that fewer receptors might then be available when incremental doses of angiotenin II are infused, and the dose-response curve is shifted to the right. In the anephric subject, sodium depletion does not cause a rise in endogenous angiotensin II level and the availability of receptors for infused angiotensin II might then be unchanged. Interest in this notion, which forms the basis for the angiotensin pressor infusion test,"-" has been renewed recently."
In conclusion, it can be seen that while the aldosterone response to angiotensin II may be diminished in the anephric subject, usually it is not abolished and can be unmasked by sodium depletion. Previous work 1 *-"• 10 which suggested that the aldosterone response to angiotensin II is absent in the subject devoid of kidneys may have failed to take into account the relative sodium status of the subjects under study.
